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Atomic  force  microscope  based  analysis  of  bound  and  bound+mobile 
phase  monolayer  behavior  under  mechanical  and  eiectricai  stress 
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[Rcrccivcd  31  December  2003;  accepted  5  July  2004;  published  6  October  2004) 

One  of  tlte  inajor  problems  with  mierockclroincchanica]  syslcms  (MEMS)  is  the  atiction 
caused  by  capillary^  van  dcr  Waats,  electrostatic,  and  chemical  forces.  Sett-asscmblcd  monolayers 
are  CAlcnsively  used  to  resolve  this  problcin  and  they  have  been  effective  to  a  certain  extent. 

It  hag  been  noted  that  the  molecular  weighs  entanglement  of  molecules  with  asperities,  time 
dependent  interactions  between  asperities  and  inonolayers,  and  surface  migration  play  major  roles 
In  the  failure  of  these  coatings.  In  additLoiii,  tribological  stressing  and  diffusion  at  increased 
temperature  can  also  cause  monolayers  to  fail.  In  this  study,  atomic  force  microscopy  (AFM)  and 
related  techniques  are  used  to  analyze  tlie  behavior  of  bound  monolayer  films  of  l-decanol  and 
bound  l-decanol  combined  with  a  mobile  phase  (a  pentaerythritol  ester).  Molecular  reorientation 
and  surface  detachmeiit  under  electrostatic  force  increase  with  Increasing  electric  field  between  the 
AFM  tip  and  the  film.  The  AFM  tip  is  used  as  a  single  asperity  contact  to  study  the  atomic  scale  film 
failure  dynamics  o-f  MEMS  materials.  The  mLcroiianoiribology  of  both  bound  and  bound/tnoblle 
systems  show  significant  dilTerences  in  tribochcmis<ry  and  replenishing  characteristics.  Bound  and 
mobile  phase  films  exhibit  desirable  tribological  characteristics  that  extend  the  reliable  life  of 
MEMS  devices,  which  is  demonstrated  in  real  device  tests.  ©  2004  Am^riam 
Society.  [DOI:  lOJ  )  16/1.17675]  7] 


I.  INTRODUCTION 

Microclcctromcchanical  sy.gtem  (MEMS)  devices  have 
potential  for  use  In  advanced  technological  systems  like  sat¬ 
ellites,  aircraft,  medical  devices,  and  automobiles.  The  per¬ 
formance  of  MEMS  is  often  degraded  due  to  the  unstable 
interfaces  of  contacting  surfaces  and  underdeveloped  meth¬ 
ods  of  controlling  the  inslabilily.  A  variety  of  surface  modi¬ 
fication  methods  have  been  developed  to  overcome  the  inter¬ 
face  insuibility.  One  of  the  effective  methods  is  the 
deposition  of  gelftassentbled  monolayers  with  various  back¬ 
bone  chain  lengths  and  functional  groups.  Various  research 
groups  have  studied  self-assembled  monolayers  derived  from 
alky]  trichloroai  lanes,  speeifica  lly  oetadecy  Itrich!  orosi  lane 
and  IH,  2FI^  21 1-perfiurodecyl  Inch  loros  11  ane  deposited 
on  Si.'"^  Alkane  based  coatings  provided  antistiction  capa¬ 
bilities  that  arc  comparable  to  that  of  .silanes."*  A  load  depen¬ 
dent  crystalline  ordering  was  observed  by  Sahneron  and  co- 
workers  in  dielr  atomic  force  microscope  smdy  of 
alkanethiols  on  gold  and  alkyls  Hanes  on  mlca.^  In  grazing 
angle  x-ray  studies  of  similar  films,  it  was  shown  tJiat  the 
relative  lengths  of  mono-laycr  chains  can  control  interface 
properties  to  a  large  exieni.^  Microscale  friction  measured  on 
molecules  lerminaled  with  different  functional  groupg  were 
studied  in  detail  and  larger  functional  groups  increase  the 
friction  due  to  increased  steric  interaction  that  increases  en¬ 
ergy  dissipation.^  A  comparative  study  of  the  effectiveness  of 
chain  Length  in  controlling  the  iianoscaJe  friction  has  been 
studied  by  a  number  of  groups.  A  decrease  in  friction  with 
increased  chain  length  has  beert  generally  observed  from  all 
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these  stiidies.^”^'  Bui  in  (he  case  of  dialkyl  sulphide  mono- 
layers  on  gold,  an  increase  in  friclion  with  chaiit  length  w^as 
repotted  when  scanned  wmh  functionalized  tips.'^  The  con¬ 
trasting  result  for  these  tnonolayers  was  atlributed  to  chain 
i rite rd imitation  at  the  molecular  level. 

Even  though  all  thege  coatings  control  surface  forces  to 
varying  degrees,  prolonged  use  wearg  off  coatings  and  ex¬ 
poses  the  silicon  surface,  which  leads  to  adverse  tribochemi- 
eal  changes  to  the  interface.  To  ensure  Lite  prolonged  life  of 
MEMS,  chemically  bound  layers  may  be  supplemented  with 
lubricious  mobile  species  lhal  can  replenish  and  protect  the 
interface  from  wear.'^  It  has  been  observed  in  the  case  of 
perfluropoly ether  applied  on  silicon  that  the  mobile  phase 
can  replenish  Lite  tribological  interface  when  an  optimum 
ratio  of  chemically  bonded  (bound)  and  physically  adsorbed 
(unbound)  moleeules  are  deposilcd.^'*  Bound  and  mobile 
phase  Zdo](®  was  successfully  applied  us  lubricating  system 
ill  the  case  of  microelectro  mechanical  systems.'^  However, 
the  statistical  distribution  of  performance  was  not  satisfac- 
(ory  probably  due  to  the  nonuniformity  of  llte  Zdol  coating. 
Alkane  molecular  chains  covalendy  bonded  to  diamond  were 
modeled  using  classical  molecular  dynamics  and  it  was 
shown  that  friction  is  dependant  on  packing  density  when 
sliding  occurs  under  varied  stress  Icvcls.^^  Our  recent  studies 
show  diat  hydrocarbon  molecules  with  hydroxyl  functional 
groups  (l-decanol)  provide  some  lubricity  when  applied  as  a 
bound  phase  to  silicon  surface,  but  .significant  increase  in 
wear  life  could  be  observed  when  a  mobile  phase  (ester)  was 
added  to  the  bound  layer  to  provide  replenishment’^  The 
mechanisms  respon.sible  for  the  substantial  increase  in  wear 
life  prompted  further  study  of  this  material  sy.sLem  at  a  baglc 
level. 
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In  Ehii  study,  the  behavior  of  1-decanol  films  alone  and 
combined  wi(h  a  mobile  phase  are  eompaied  in  low  load 
contact  scans  under  normal  atmospheric  conditions  and  in  an 
atmosphere  devoid  of  oxygen  and  huiinidit>^  (i.e.,  dry  nitro¬ 
gen).  A  contact  and  Lapping  mode  atomic  force  mieroscopy 
(AFM)  capable  of  nanoiithographic  patterning  was  used  for 
(his  puipo-sc.  The  significance  of  this  setup  is  that  an  area  that 
has  been  scanned  in  contact  mode  can  be  imaged  in  non 
contact  mode  without  changing  tip  or  scanning  head  en¬ 
abling  visualization  of  the  tribological  change  that  occurred 
during  the  contact  scan.  The  biased  AFM  tip  is  used  as  a 
single  asperity  interface  tliat  imparts  electrical  and  mechani¬ 
cal  stress  (0  the  films  and  is  also  used  to  image  the  changes 
occurring  under  stress.  Nanolilhography  derived  Ecchniques 
arc  used  here  to  form  simall  structures  and  microscopic  dis¬ 
continuities  (nanocuts)  and  to  monitor  the  migration  and  ad¬ 
hesion  characteristics  of  resulting  structures. 

II.  EXPERIJVIENT 

Si  (100)  wafers  were  first  subjected  to  ultrasonic  cleaning 
separately  in  hexane,  acetone  and  methanol  for  min  each, 
and  dried.  The  wafers  were  treated  with  52%  aqueous  hy¬ 
drofluoric  acid  for  2  min  and  washed  thrice^  5  min  each, 
with  methanol.  The  freshly  treated  wafers  having  mostly 
Si-H  surface  groups  were  dip-coated  in  a  0-2%  (w7v)  solu¬ 
tion  of  l-decanot  in  hexane.  Dip  coating  was  conducted  by 
immersing  ihe  wafers  at  a  rate  of  1 .0  mm/s  into  (he  coating 
solution  using  a  motorized  device.  The  wafers  were  kept 
immersed  in  the  solution  for  1  min  and  were  withdrawn  at 
the  same  rate.  The  coated  w^afers  w^ere  then  heated  at  90 
for  I  h  to  bind  the  alcohol  unit  to  the  silicon  surface  as 
shown  below 

]  I 

-  Sl-H  - ►  -  Si-{CHa>jCHj  -  HjO. 


Covalent  bond  formation  bemen  freshly  etched  silicon  and 
alcohols  under  these  conditions  have  been  reported  earlier.*^ 
.^fter  cooling,  the  wafer  was  treated  with  methanol  thrice 
(5  min  each),  in  an  attempt  to  remove  unbound  alcohol. 
Where  applicablej  the  mobile  phasc^  pcntacry^thritol  tetrahep- 
tanoate  {C[CHi0C(0)(CH-2)3CH_jl4},  was  applied  by  dip 
coating  as  before  from  a  0.2%  solution  in  hexane.  After  coat¬ 
ing  wilh  the  mobile  component,  the  wafer?;  w^ere  not  washed 
or  heated,  but  allowed  to  dry  in  air,  and  stored  in  a  glass  jar 
closed  with  aluminunvlined  plastic  stoppers  for  testing. 

A  Dimension  3100  with  Nanoscopc  IV  controller  by  Digi¬ 
tal  Instruments  was  used  in  this  study.  This  instrument  was 
capable  of  making  contact  and  tapping  mode  (intermittent 
contact  mode)  scans  without  changing  either  tip  or  scanning 
head.  This  allow’s  the  user  to  monitor  the  changes  in  topog¬ 
raphy  caused  by  (he  contact  scan  without  further  disturbance 
from  the  contacting  tips.  In  contact  mode,  the  AFM  tip 
loaches  the  surface  while  in  noncontact  mode  it  vibrates  in  a 
forced  mode  frequency  at  a  certain  height.  The  variations  in 
the  amplitude  of  vibrations  caused  by  the  proximity  of  sur¬ 
face  Structures  arc  monitored  to  fono  topography  images  of 


fh}  Topo^phy  Phase 

KiC.  ].  (a>  T-Dpo-graphy  afa  I -dteano]  coaled  rlUcoh  wafer  showti  hya  Z.S  p. 
Lapping  iJigde  scats,  fb)  Topo^rspJly  and  phase  image  of  an  tj^rcgaled  film 
uf  l-detanol  on  silicoii  shown  by  a  5  /i  lapping  mode  scan. 


the  surface  under  study.  The  lime  lag  in  the  variation  of  the 
oscillation  caused  by  the  proximity'  of  surface  structures  de¬ 
pends  on  the  chemical  nature,  mechanical  stiffness,  and  ad¬ 
hesive  nature  of  these  structures.  The  lag  can  be  monitored 
as  a  phase  shift  between  the  driving  frequency  and  the  actual 
frequency  of  the  probe  and  is  recorded  at  each  pixel.  Pixel 
brightness  is  set  to  vaiy^  according  to  the  phase  shift  and 
interprEted  as  the  phase  scan  Image.  Since  the  phase  shift 
caused  by  loose  struclures  is  larger  than  stable  bound  struc¬ 
tures,  contrast  variation  in  a  phase  scan  is  a  good  measure  of 
structure  strength,  adhesion  and  chemical  bond  strengths. 

Mi.  RESULTS  AND  DISCUSSION 

A.  Characteristics  of  surfaces  coated  with  bound 
phase  only 

Figures  1(a)  and  1(b)  show  topography  of  0.2%  dccanol 
film  formed  on  a  silicon  surface.  The  average  roughness  of 
lhi.s  surface  is  0.2  nm  on  a  1  X  1  /Lin^  area  base  and  peak  to 
valley  height  variation  is  2.6  nm.  Figure  1(a)  is  a  uniformly 
coated  surface  without  much  loose  unreacted  species.  The 
island  like  structures  In  the  topography  in  Fig.  1(b)  might 
have  been  caused  by  condensation  of  louse  un reacted  spe¬ 
cies.  The  i.slands  are  of  100-200  nm  of  average  diameter  and 
4-20  nm  in  height.  Aggregation  and  island  formation  in 
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Fig.  2.  (a>  Topography  of  lines  drawn  wWh  in  AFrV[  Up  9  Steady  height  biasfid  wilh  ditTcrent  negative  biiE  shown  by  i  5  ^  tipping  mode  scui.  (h>  HcLghi 
viriatjoa  of  w^edges  fumufd  with  bias. 


monalaycrsi  films  have  been  reported  earlier  for  perflurode- 
cyJtrichlrosilane  (FDTS)  filins.'^  In  this  casc^  islands  were 
more  pronounced  and  more  separated  than  our  case.  It  was 
noted  (hat  aggregate  formation  could  reduce  the  usefulness 
of  FDTS  films  in  con  trolling  sticlion  in  MEMS.  The  phase 
contrast  variation  between  the  rim  and  the  inner  regions  of 
the  islands  in  Fig.  1(b)  implies  that  the  rim  of  e-ach  island  is 
bound  or  strongly  attached ^  while  the  inner  region  is  com¬ 
posed  softer,  less  adhesive  structures.  These  softer  structures 
may  be  composed  of  entangted  loose  molecules. 

Figure  2(a)  shows  wedge  shaped  lines  drawn  by  an  AFM 
tip  biased  at  various  negative  bias.  The  tip  was  moved 
0.]75jji/s  at  about  50  nm  above  the  .surface.  The  wedge 
height  variation  wilh  bias  is  shown  in  Fig.  2(b).  The  reorien¬ 
tation  of  l-decanol  molecules  coupled  with  silicon  o>Lidalion 
due  (0  the  electrostatic  field  from  the  biased  tip  may  have 
caused  the  wedge  formation.  Under  similar  conditions^  a 
high  electrostatic  field  can  oxidize  an  exposed  Si  surface 
Manoscale  oxidation  of  Si  surfaces  by  biased  atomic  force 
microscope  tips  has  been  observed  by  a  number  of 
authors.^'"^'*  A  detailed  quantitative  study  for  this  process  has 
been  reported  for  different  biasing  condKions  and  surround¬ 
ing  humidity.-^  The  rate  of  oxidation  and  the  oxide  volume 
generated  at  various  currents  and  biasing  conditions  were 
also  evaluated  in  that  study.  Comparing  the  oxide  volume 
generated  in  the  referenced  study  under  similar  conditions  to 
ours  shows  that  the  volume  generated  in  our  wedge-like  lines 
is  far  greater  tiian  that  for  the  bare  silicon.  The  excess  vol¬ 
ume  is  likely  due  to  the  presence  of  monolayer  film.  It  is 
likely  to  have  been  caused  by  (he  oxidation  of  attached 
1-dceanoE  chains  or  reorientation  of  l-decanol  moiecules  that 
are  still  [el\  unadaehed  to  the  Si  surface,  aligned  or  con¬ 
densed  under  the  strong  electrostatic  force  from  (he  nega¬ 
tively  biased  tip  traveling  at  close  proximity.  The  polar  na¬ 
ture  of  these  unattached  l-decanol  molecules  may  allows 
these  moiecules  to  align  wnth  the  electric  field. 

Similar  protrusions  of  potymer  thin  films  under  biased 
atomic  force  microscope  tips  have  been  observed  by  other 


authors."^  In  (hat  study^  the  movement  of  the  attached  polar 
functional  groups  in  the  direction  of  the  electric  field  was 
assisted  by  increased  mobility  due  to  elevated  icmperature. 
In  our  study,  wedges  were  formed  only  for  bias  of -5  to 
-9  V,  which  was  the  limit  of  die  instmmentatlon.  lielow 
-5  no  wedges  xvere  observed. 

Figure  5(a)  shows  the  reorientation  of  molecuEes  under  a 
constant  negative  bias  {~9  V)  with  varying  tip  proximity  to 
the  surface.  The  wedge  height  increases  1  In  early  until  the  tip 
is  very  close  to  the  surface  [Fig.  3(b)].  After  a  certain  ap¬ 
proach  distance,  the  wedge  height  began  to  diminish,  This  i.s 
probably  caused  by  the  dissipation  of  electric  field  as  the  tip 
begins  to  touch  the  surface. 

Figure  4  shows  the  topogra]?hy  and  phase  image  of  a 
bound  phase  (l-dccanol)  film  after  contact  scanning  with  an 
uncoated  Si  AFM  tip  at  50  nN  normal  load  under  humid 
(4n%-45%)  ambient  conditions.  The  central  I  X  1  jum^  area 
is  covered  xvith  irregular  protrusions  that  resulted  from  con¬ 
tact  scanning-  The  average  height  of  ihese  stnie lures  is 
40.1  nm  and  the  roughness  was  7.9  nm.  The  scanning  creates 
a  large  amount  of  wear  debris  that  is  seen  as  irregular  islands 
in  die  scanned  region.  The  significance  of  phase  contrast  in 
scanning  probe  microscope  is  still  under  debate  within  the 
AFM  community.  However,  the  most  accepted  interpretation 
of  phase  shift  origination  is  that  it  is  due  To  the  difference  in 
energy  dissipation  between  phase  contrasting  areas.^^'^^  The 
low^  contrast  in  the  phase  mode  image  suggests  (hat  these 
“(bird  bodies”  have  similar  energy  absorption  charaeteristjes 
to  that  of  the  surroundings  showing  their  lack  of  freedom  for 
vibration  or  their  binding  to  die  surface. 

To  study  the  diffiisLon  of  these  structures,  die  area  was  left 
undisturbed  and  scanned  again  after  20-25  min.  No  signifi¬ 
cant  changes  were  observed  both  in  topograpEiy  and  phase 
mode  images  in  later  scans  suggesting  the  immobile  and  pas¬ 
sive  nature  of  these  structures  to  surroundings  and  humidity. 

In  order  to  understand  the  mobility  of  these  .structures ^  the 
AFM  tip  was  u.5ed  to  separate  (he  s(ructurcs  by  dragging  the 
tip  through  the  wear  debris.  Figure  5(a)  shows  the  topogra- 
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Fig.  3.  (e)  Topography  of  lines  tlfam'tfi  WfitH  an  AF[V[  lip  biiised  iJl  9  V  at  difTerent  praximity  shown  by  a  5  ^  tapping  mode  scan,  fb}  Height  variaiEnn  of  wedges 
formed  widi  tip  heigh  IS. 


phy  after  a  line  wa^  drawn  ihrough  the  wear  debris  with  a 
lighLcr  normal  load  (100  nN)  and  the  line  wag  barely  seen. 
When  the  force  was  increased  lo  the  150  nN  range,  the  de¬ 
bris  moved  and  clearly  showed  the  path  of  ihc  AFM  tip  [Fig. 
5(b)] .  Further  scan.s  of  thig  area  did  not  shovv  any  change  in 
the  wear  debris  dislribution  even  though  they  were  disturbed 
from  iJieir  original  locations  by  the  AFM  tip,  which  implies 
that  there  arc  no  additional  gnboond  (or  less  lightly  bound) 
pieces  produced  from  AFM  tip  movement. 

To  ftirther  understand  the  Iribochemisiry  of  these  sLrtie- 
turcs,  similar  scans  were  made  after  filling  the  chamber  with 
dry  nitrogen.  The  system  was  fliishcd  overnight  and  a  steady- 
value  of  7ero  humidity  was  obtained.  Figure  6  shows  the 
comparison  of  topographies  obtained  fix?m  contact  scans 
with  similar  contact  forces  but  different  surrounding  gages. 
Figure  6(a)  show^s  the  topography  formed  in  air  with  50% 
humidity  and  Fig.  6(b)  shows  the  topography  obtained  in  dry- 
nitrogen.  The  1  X  ]  pinr  area  contaet  scanned  under  huin  id- 


air  generates  (hick  wear  debris  attached  together  to  form 
lai^e  crystal-like  structures  with  sharp  edges.  From  close  ex¬ 
am  in  at  ion  of  this  debriSn  the  repealed  occurrence  of  a  partieu’ 
lar  shape  for  these  crystal! ileg  was  probably  caused  by  the 
'hip  effect”  (some  liny  crystailiic  adhered  to  the  tip  so  that  tig 
.scanning  cross  section  is  changed  to  the  cross  section  of  the 
crystallite). 

The  approximate  roughness  and  peak  to  valley  lieighl 
variation  is  6.0  and  Ml  nm^  respectively.  However,  the  area 
scanned  in  dry^  nitrogen  shoev.s  subslanliatly  different  topog¬ 
raphy  with  little  buildup  of  wear  debris.  The  stmcturcs 
formed  here  are  more  round  shaped  and  much  smaller  in 
size.  The  average  roughness  and  peak  to  valley  height  varia¬ 
tion  is  0.21  and  1.9  nm,  respectively.  It  is  very^  clear  that  air 
a]id  humid ily  cause  a  large  quantity  of  wear  debris  while  dry- 
nitrogen  helps  to  minimize  wear  debris.  There  are  two  sig¬ 
nificant  differences  in  these  eases..  When  water  is  present  in 
the  surroundings,  the  normal  load  may  be  increased  due  (o  a 


Topography  Phase 

FlO,  4  TOTJUgr.iplijf  and  phase  image  shown  by  a  J  lappirfi  mods  sean  of  hdecanol  On  siSitOTi  4fter  [  X  1  /i*m^  conlact  scan  with  lOD  nN  normsl  loud. 
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Topography  (u) 


Topography  (b) 


FlO.  ^ .  {a)  Topot^raph^  shown  by  a  3  tapping,  mode  scan  aficr  a  (ltic  v/bs  driiwrfi  wiih  an  AFM  lip  through  wear  debris  with  a  lighter  normnl  IcmcI  OOO  nH). 
{b)  The  t-opiigraphy  shbtvn  by  a  ^  /i  tapping  mode  sean  when  the  normaJ  Load  was  incTcascd  to  150  nN. 


water  metiiiscuis  and  the  increased  rate  of  oxidation  due  lo 
wet  oxidaLLon  of  Si.  It  has  been  cs^ablish^:rd  (hat  wet  ostida- 
tion  of  Si  is  much  faster  than  dry  oxidation.^^'^^  Tn  addition, 
the  presence  of  water  vapor  makes  the  fonoation  of  oxide 
niucli  easier  due  lo  the  increased  contact  load^  which  leads  to 
the  exposure  of  more  Si  atoms.  From  this,  it  is  implied  that 
the  wear  debris  formed  migiu  be  third  bodies  resulting  from 
the  oxidation  of  exposed  Si  and  Lhe  combination  of  aggre¬ 
gated  monolayers  combined  with  SiO^,  Si02  crystals. 

B.  CharacteristLc&  of  surface-^  coated  with  mqbiie  and 
bound  phase 

The  topography  of  a  film  containing  bound  and  mobile 
phases  is  shown  in  Fig.  7.  Tliere  is  no  notable  change  in  the 
topography  of  this  from  that  of  films  with  bound  phase  only. 


Topography  [a) 


The  average  roughness  and  peak  to  valley  height  is  0.05  and 
0.35  nm,  respectively.  Since  the  mobile  phase  can  spread 
over  the  surface,  it  is  expected  Co  shield  the  surface  from 
adverse  tribochemicai  reactions  even  when  the  surroundings 
contain  reactive  gases.  In  addition,  the  replenishing  nature  of 
this  film  helps  reform  the-  coating  quickly  enough  Id  rcgulaLc 
direct  GontacI  of  asperities  with  the  exposed  counterpart. 

figure  S(a)  show^s  the  topography  of  a  surface  coaled  with 
bound  and  mobile  phase  after  contact  scanning  in  air  with 
50%  humidity.  The  vi^ar  debris  formed  in  this  case  is  like 
islands  with  no  sharp  corners  signifying  the  surface  energy 
dependence  of  these  strucSiircs.  The  ftuid  nature  of  tiiese 
structures  is  further  revealed  when  dragging  the  tip  across 
one  and  cuts  the  siructure.  Figure  S{b)  shows  the  topography 
after  die  cut  and  the  resultant  shapes  of  the  separated  struc- 


Topogruphy  (b) 


Fiu-  6.  (a>  Topofitiaptiy  shown  by  a  3  tapping  made  scan  when  RH  is  increased  \<t  50%  and  k-espiEl^  all  ochat'  variablefl  Uic  same  as  in  Fig.  4.  (b)  The 

Iwpcgfaphy  sJi-uwn  by  a  3  tapi>iit.g  seaifi  f&r  I  X  t  /irn^  area  (doUed  square^  which  was  sesnned  in  Mratuct  mode  in  dry  nilrcgen, 
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Topograpliy 


Fig.  7.  Topograptiy  of  a  film  contain! nj  Ijoiind  mijbik  pli^Se  shown  by 
a  J  ^  tapping  mode  scan. 


tures  {the  lower  big  island  [see  Fig.  B(a)]  is  cut  by  a  line 
drawn  across  it).  The  round  shape  of  the  separaled  pordons 
shows  the  (endency  of  these  structures  to  minimize  tlie  sur¬ 
face  energy  by  reduciiig  the  surface  area. 

The  mobility  and  free  flowing  nature  of  Chese  secondary 
structures  is  revealed  when  they  are  forcefully  relocated  and 
allowed  Lo  cormbine  with  similar  structures.  Figures  9{a;H9(c.) 
reveal  this  phenomenon  sinee  the  resultant  secondary  films 
formed  by  contact  scanning  are  moved  by  the  atomic  force 
microscope  lip  using  litliography-based  techniques.  In  Fig. 
9(a)  a  line  drawn  from  top  to  bottom  partially  moves  the  top 
island  towards  the  botlom  and  the  bottom  one  is  made 
thicker  [sec  Fig.  9{b)],  The  topography  in  Fig.  9(c)  results 
when  the  bottom  “thicker"  island  is  moved  to  the  top  left 
smaller  island  and  allowed  to  combine  with  each  other.  In  all 
these  movements  in  $(fA  relative  hutnidity  (RFI),  (he  dynam- 


FlO.  9.  (a)  [ypo^mphy  fram  a  3  ^  tapping  mode  scan  betbre  a  line  Is  drawn 
from  Lop  to  hottciinfi  lo  move  [he  t-op  island  lo  bottom,  Topography 
sfter  the  liji-e  is  drawn  froin  lop  lo  bbtic™.  (c)  Tlwf  topography  iKuliing  from 
Uic  bottom  thkktr  island  bciitE  moved  to  (he  top  left  smaller  islaitd  afl<l 
ecunbining  together. 


ies  and  steady  eireular  shapes  of  the  displaced  structures  that 
were  created  as  the  third  bodies  show  that  they  are  ''liquid- 
like.” 

1 1  is  also  noted  that  the  wear  debris  generated  by  die  AFM 
tip  In  the  interlace  of  bound + mobile  phase  coated  surfaees  is 
signifieantly  difTereiit  in  regards  to  mobility  and  replenishing 
characteristics  when  compared  to  that  of  bound  phase  only 
coated  surfaces.  This  variation  in  mobility  (i.c.^  liquid- like 
behavior)  of  wear  debris  makes  the  bound-*- mobile  coated 
interface  more  tribologically  desirable  for  low  load  applica¬ 
tions  like  MEMS  devices.  This  special  coating  system  wus 
applied  to  real  MEMS  devices  and  the  wear  life  signiftcartlly 
improved  when  compared  to  uneoated  devices.'^ 

figure  10  shows  the  results  from  (he  wxar  life  study  of 
MEMS  devices  with  different  contact  interfaces.  The  fir^t 
two  bars  show  the  average  life  expectancy  of  machines  run 
in  air  with  moderate  humidity.  The  first  bar  is  from  machines 
with  no  coating  and  the  second  bar  shows  the  average  life 
expectancy  of  machines  coated  with  bound- nrobile  phase 
films.  It  is  evident  that  the  coating  provided  a  substantial 
increase  in  the  wear  life.  The  third  and  fourth  bars  show  the 


I’tipi^grapby  (a)  Topography  (b) 


FiG.  S.  (a)  TDpo£raphy  shtyA-n  Uy  s  3  ^  ta|>piTig  irtdc  se^h  of  third  bodies  formed  by  contact  scanning  of  a  CMted  ^villi  bvund  und  mobile  phase  in 

air  with  50%  liumiclity.  (b)  The  lOpogrupliy  shown  by  a  3  tappiiiE  mode  scan  of  the  e^guKani  ^liapes  of  Uie  sepaiultid  third  bodies  when  a  line  is  drawn  across 
imd  Culs  the  lower  island. 
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Ilfs  expectancy  of  snachines  t&s^ed  in  vacuum.  Thcs^c 
machines  fail  quite  simiiar  to  micnoted  machines  run  in  hu¬ 
mid  aif.  However,  (he  average  wear  life  of  coated  machines 
in  vacuum  is  about  two  orders  of  magiiiitudc  longer  than  the 
uncoated  machines,  which  is  around  0.9  min  (not  visible  in 
the  figure). 

The  nature  of  wear  debris  produced  in  a  dry  nitrogen  at¬ 
mosphere  is  shown  in  Fig.  11.  The  area  where  contact  oc¬ 
curred  is  enclosed  in  Lhc  dotted-] ine  square™  Only  small 
structures  of  wear  debris  were  formed  and  they  acted  differ¬ 
ently  from  those  formed  in  ajmbient  humid  condition.  Jt  is 


FlO.  13^  Topography  frem  a  3  /a  lapping  made  scan  of  a  harety  visible  wear 
star  (doUcd  square}  ailer  the  cor^tacr  scan  of  ^oun4  + mobile  Rim  in  dry 
nitragen. 


noted  that  there  is  practieaily  no  wear  scar  fonned  and  the 
debris  formed  in  dry  nitrogen  is  non  circular  and  thereby  less 
fluid- like  (though  it  may  be  possible  to  impart  some  fluidity 
to  this  Structures  because  of  the  absence  of  sharp  corners  and 
cry-SEallitc-hkc  shapes).  The  lack  of  fluidicy  must  have  pre¬ 
vented  the  replenishment  of  the  coating  of  the  worn  out  re¬ 
gions  causing  the  machines  to  fail  earlier  than  humid  condi¬ 
tions.  For  bound  phase  only  coated  surfaces  there  was  some 
barely  visible  sharp  wear  debris  generated  in  dry  nitrogen 
which  is  suspected  to  be  the  conglomerates  of  1-decanol 
mked  with  loose  silicon. 

lU  CONCLUSION 

Silicon  surfaces  coated  with  bound  (]-decaiiol)  and 
bound -Hmobile  phases  (pcntacrythritol  ester)  were  character¬ 
ized  using  atomic  force  microscopy  both  in  humid  ambient 
and  dry  nitrogen  surroundings.  Areas  scanned  in  contact 
mode  were  rescanned  in  non-contac(  mode  (o  visualize  the 
tribological  changes  occurring  due  to  contact  scanning,  Im- 
mobiie  brittle  bound  strueturK  were  formed  for  bound  only 
(Udecanol)  lubricated  surfaces,  while  hexible  free  flowing 
wear  debris  was  generated  in  the  case  of  bound -i-mobde  lu¬ 
brication.  Bound+ mobile  lubricated  surfaces  resist  adverse 
tribochemiea]  reaction s,  while  bound  only  lubricated  sur¬ 
faces  created  brittle  third  bodies  that  oppo.sed  surface  modi¬ 
fication  or  surface  migration  due  (o  dilTusion. 
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